Microbial diversity in the hydrate-containing (sites SH3B and SH7B) and -free (sites SH1B, SH5B, SH5C) sediments collected from the Shenhu area of the South China Sea (SCS) was investigated using 16S rRNA gene phylogenetic analysis. The phylogenetic results indicate difference in microbial communities between hydrate-containing and -free sediments. At the gas hydrate-containing sites, bacterial communities were dominated by Deltaproteobacteria (30.5%), and archaeal communities were dominated by Miscellaneous Crenarchaeotic Group (33.8%); In contrast, Planctomycetes was the major group (43.9%) in bacterial communities, while Marine Benthic Group-D (MBG-D) (32.4%) took up the largest proportion in the archaeal communities. Moreover, the microbial communities have characteristics different from those in other hydrate-related sediments around the world, indicating that the presence of hydrates can affect the microbial distribution. In addition, the microbial community composition in the studied sediments has its own uniqueness, which may result from co-effect of geochemical characteristics and presence/absence of hydrate.
Introduction
Gas hydrates are crystalline solids of gas and water molecules under high pressure and low temperature. The total methane carbon in gas hydrates worldwide is estimated to be more than 10 trillion tons, twice the amount of all known coal, oil, and other fossil fuels on the Earth (Lee and Holder, 2001) . Many studies have shown that the methane was mainly biogenic in gas hydrates (Ginsburg et al., 1993; Kvenvolden, 1995; Hyndman, 2001) . The presence of biogenic methane suggests that microbial activities are important for methane hydrate formation (Cragg et al., 1996) . Microbial communities are physically associated with gas hydrates and related sediments and are thus potentially critical for the stability, composition, and crystal structure of gas hydrates (Lanoil et al., 2001 ).
The first culture-independent phylogenetic analysis in a gas hydrate-related environment showed that diverse sulfur-utilizing microbes, methanogens and methanotrophs were present in the sediments of the Cascadia margin (ODP site 892B) (Bidle et al., 1999) . Subsequently, microbial communities in gas hydrate-containing sediments were found to be different between Gulf of Mexico and the Pacific Ocean margin (Lanoil et al., 2001) . Bacteria were moderately diverse in the gas hydrate-containing sediments of the Pacific Ocean margin and were dominated by Proteobacteria and Actinobacteria, whereas archaea was less diverse with most being related to methanogenic, such as Methanosaeta spp. (Lanoil et al., 2001) . Inagaki et al. (2006) reported that the presence of hydrates may affect microbial composition in marine sediments. In hydratefree, organic-poor sediments on the Pacific Ocean margin, archaeal community was dominated by marine crenarchaeotic group I (MGI) and marine benthic group A (MGB-A). In hydrate-free but organicrich sediments, the archaeal community is mainly composed of miscellaneous crenarchaeotic group (MCG) and South African Gold Mine euryarchaeotic group (SAGMEG). In contrast, in the hydratecontaining sediments, the marine benthic group A (MGB-B) is the dominant archaeal group. In addition, the dominant bacterial groups were uncultured JS1 and Chloroflexi in the hydrate-containing and -free sediments, respectively. These different studies suggested that the microbial communities were geographically different in gas hydrate-related environments (Inagaki et al., 2006) .
The South China Sea (SCS) is one of the marginal seas around the Pacific Ocean. Thick organic-rich sediments have accumulated in the SCS since the late Mesozoic (He et al., 2006) . The Shenhu area is located in the middle of the northern slope of the SCS and between Xisha Trough and Dongsha Islands (Wu et al., 2011) . In 2007, China's first gas hydrate drilling expedition GMGS-1 in the Shenhu area performed by the Guangzhou Marine Geological Survey (GMGS), China Geological Survey (CGS), and the Ministry of Land and Resources of P.R. China by using the geotechnical drillship SRV Bavenit (Zhang et al., 2007) . Gas hydrates were obtained during the drilling in 2007 from the Shenhu area (Zhang et al., 2007) . This study investigates the microbial diversity in the hydrate-free and -containing sediments from the Shenhu area using 16S rRNA gene phylogenetic analyses.
Materials and methods

Sample collection
Sediment cores were obtained at the sites of SH1B, SH2B, SH3B, SH5B, SH5C and SH7B in 2007 (Fig. 1) . Gas hydrate bearing sediments were recovered at the sites of SH2B, SH3B and SH7B (Wu et al., 2011) . Sediment subsamples were collected from the core liners at the depth of 30 cm from the surface at each site. Subsamples for cell counts were placed in 4% (V/V) formaldehyde solution and vortexed 10 s for fully mixing, and then were stored at 4 C for microscopic cell counting. Subsamples for molecular analyses were sealed in nitrogen-flushed aluminized polyester heatseal bags (Kapak Corp.), and then were stored at À20 C. The samples were kept on dry ice during transportation. On arrival, samples for cell counting and molecular work were stored at 4 C and À20 C until further analyses, respectively.
In this study, surface samples from SH1B, SH3B, SH5B, SH5C and SH7B were chosen to investigate the microbial diversity in Shenhu area.
Geochemical analyses
Pore water chemistry
Pore water sulfate, salinity and chlorinity were collected and measured on board, respectively by barium sulfate nephelometry, refractometry and titration with silver nitrate.
Total organic carbon (TOC) analyses
Samples for organic carbon analysis were treated with 10% HCl to remove carbonate, rinsed with distilled water, and freeze-dried at À40 C overnight. TOC content with a Multi N/C 2100 Analyzer was in the State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences (Beijing).
Total microbial cell counts
Total cell counts in the sediments were determined by using acridine orange direct count (AODC) according to the methods reported previously (Bottomley, 1994) .
2.4. DNA extraction, PCR amplification and clone library construction DNA was extracted from the collected sediments (w0.5 g per sample) by using UltraClean soil DNA extraction kit (Mo Bio, Solana Beach, Calif., USA) according to the manufacturer's instructions. The archaeal and bacterial 16S rRNA genes were PCR amplified with primer sets of Arch21F/Arch958R (DeLong, 1992) and Bac27F/ Univ1492R (Lane, 1991) , respectively. The PCR conditions consisted of initial denaturation at 95 C for 5 min; 35 cycles of denaturation at 94 C for 30 s, annealing at 55 C and 54 C (for Bacteria and Archaea, respectively) for 30 s, and extension at 72 C for 2 and 1.5 min (for Bacteria and Archaea, respectively), and followed by a final elongation at 72 C for 10 min. PCR products were purified as described previously (Ravenschlag et al., 1999) . The amplicons were ligated into the pGEM-T Easy vector (Promega, USA), and the ligation products were transformed into Escherichia coli JM109 competent cells.
Phylogenetic analyses
Ten clone libraries (five each for Bacteria and Archaea, respectively) were constructed according to Jiang et al. (2007) . A sufficient number of microbial clones were randomly picked for sequencing analysis until rarefaction curves were fully saturated. The 16S rRNA gene clone sequences were determined with primer Bac27F for Bacteria and Arch21F for Archaea on an ABI 3730 automated sequencer. Nucleotide sequences were assembled and edited by using Sequencher v.4.1 (Gene Codes, Ann Arbor, MI). The operational taxonomic units (OTUs) were determined by using the software program DOTUR (Schloss and Handelsman, 2005) with 97% cutoff. One sequence from each OTU was then selected as representative for further phylogenetic analysis. Neighbor-joining phylogenetic trees were constructed from dissimilar distance and pairwise comparisons with the Jukes-Cantor distance model using the MEGA (molecular evolutionary genetics analysis) program, version 5 (Tamura et al., 2011) . The presence of chimeric sequences was checked with the RDP Chimera Check program (Maidak et al., 1994) . Rarefaction curves were calculated by the DOTUR program (Schloss and Handelsman, 2005) .
Accession number of nucleotide sequences
The sequences determined in this study had been deposited in the GenBank nucleotide sequence databases under accession numbers HQ606213eHQ606328 and HQ606144eHQ606212 for the bacterial and archaeal clone sequences, respectively.
Cluster analysis
Kulczynski distance of similarity based cluster analyses of microbial community in all subsurface sediments were performed using the PAST (Palaeontological statistics, version 1.21) program available from the University of Oslo website link (http://folk.uio. no/ohammer/past) run by Øyvind Hammer (Van Der Gast et al., 2006). Bivariate correlation between microbial community and geochemical datum were performed using the SPSS 16.0.
Results
Total organic carbon (TOC) content and pore water chemistry
TOC content of the sediments in the studied hydrate-containing sites was higher than that in hydrate-free sites (Table 1) . Pore water chemistry varied significantly among different sediment cores. The sulfate concentration was lowest (21.62 mM) in SH3B-1h3b. The salinity of SH7B-1h3b (34.04 ppt) was lower and the chlorinity much higher than that in other sites (Table 1) .
Microbial cell abundance in the sediments of Shenhu area
The microbial cell abundance was at the magnitude of 10 6 cells per gram (dry weight) in the studied sediments and showed significant variation among different sediment cores. The microbial abundance of the studied sediments in Shenhu area was similar to those in the DSH-1 core (10 6 cells/g sediments) in the SCS (Zhang et al., 2012) but lower than other SCS locations, such as Qiongdongnan Basin (Jiang et al., 2007) and the south slope of the SCS (Li et al., 2008b) . The microbial abundance in the studied sediments was also much lower than that (10 9 cells/g) in other cold seep sediments around the world, such as the Nile Deep Sea Fan (Omoregie et al., 2009 ) and the Gulf of Mexico (Orcutt et al., 2005) .
Bacterial and archaeal diversity in the sediments of the Shenhu area
A total of 395 and 287 16S rRNA gene clone sequences were obtained for bacteria and archaea, respectively. Rarefaction analysis indicated that the numbers of sequenced clones in this study nearly reached saturation (Fig. 2) .
Bacterial 16S rRNA gene clone library analysis
The obtained bacterial 16S rRNA gene clone sequences were obtained and they fell into 19 known class-level clusters and three unidentified clusters (Fig. S1 ). The known class-level clusters were candidate division JS1 (29.0%, 116 sequences), Planctomycetes (15.4%, 61 sequences), Deltaproteobacteria (13.2%, 52 sequences), Chloroflexi (9.9%, 39 sequences), Alphaproteobacteria (8.1%, 32 sequences), Verrucomicrobia (6.6%, 26 sequences), candidate division OP8 (4.6%, 18 sequences), Betaproteobacteria (2.5%, 10 sequences) and the other bacteria (10.1%, 40 sequences). The dominant cluster was candidate division JS1, consisting of clones closely related (identity 99%) to those from the sediments of Juan de Fuca (GQ267094) and the SCS (Li et al., 2008a) . The clone sequences Note: Sulfate, AE2%, detection limit 0.5 mM; Salinity, AE0.5 ppt, calculated from measured salinity, salinity of drill water (32.0 ppt), and % drill water infiltration; Chlorinity, AE1%, calculated from measured chlorinity, chlorinity of drill water (482 mM), and % drill water infiltration. mM ¼ millimolar; ppt ¼ parts per thousand.
belonging to Planctomycete showed close identity to those retrieved from marine sediments including the Dongsha area of the SCS and the continental slope of the Gulf of Mexico (Lanoil et al., 2001 ). The clone sequences affiliated with Chloroflexi were closely related (95e99% identity) to uncultured clones isolated from sediments in a variety of marine environments, such as the Pacific Ocean margin (Inagaki et al., 2006) , the Nankai Trough (Kormas et al., 2003) and the Gulf of Mexico continental slope (Nunoura et al., 2009 ). Most of the clone sequences affiliated with Alphaproteobacteria shared 100% similarity with those from the ocean crust of the East Pacific Rise (Santelli et al., 2008) . The clone sequences affiliated with Betaproteobacteria were related (identity 99%) to those retrieved from the sediments of Shimokita Peninsula offshore and the Baltic Sea (Edlund et al., 2008) . The clone sequences (11.9%, 53 sequences) affiliated with Deltaproteobacteria were closely related (identity 95e99%) to those from marine sediments in the SCS, the Gulf of Mexico (Nunoura et al., 2009 ) and the Western Pacific Ocean (Inagaki et al., 2006) . The clone sequences affiliated with Gammaproteobacteria showed close relatedness with those retrieved from the oil contaminated coastal sediments (Païssé et al., 2010) . The clone sequences affiliated with Epsilonproteobacteria were related to one clone (AB015529) retrieved from the Suruga Bay deep-sea sediment (Li et al., 1999) .
Archaeal 16S rRNA gene clone library analysis
The obtained archaeal 16S rRNA gene sequences could be classified into Crenarchaeota (48.7%, 140 sequences) and Euryarchaeota (51.2%, 147 sequences) (Fig. S2) . The majority of the obtained clone sequences affiliated with the Crenarchaeota phyla fell into miscellaneous crenarchaeotic group (MCG), marine crenarchaeotic group I (MGI), marine benthic group (MBG)-B, C3 candidate division (Webster et al., 2010) , and the uncultured Crenarchaea croup II b (UCII-b) (Zhang et al., 2010) . MCG was the most dominant group (29.6%, 85 sequences), and clone sequences affiliated with MCG were closely related to those from marine sediments including the SCS (DQ984850), the Gulf of Mexico (Nunoura et al., 2009) , the tropical western Pacific (Zhang et al., 2010) , and the eastern Mediterranean (Heijs et al., 2008) . MGI (11.5%, 33 sequences) was the second dominant group in this study, and clone sequences within this group were related to those from hydrate-containing sediments in the Peru margin (Inagaki et al., 2006) , the tropical West Pacific continental margin sediments (GQ926331) and the SCS sediments (EU385830). Twenty-two sequences were grouped into MBG-B and were related to one clone (HQ434957) retrieved from the SCS sediments (Jiao et al., 2011) . Eleven clones fell into the C3 group and were related to those from the sediments of tropical western Pacific (Webster et al., 2010) , the Gulf of Mexico continental slope (Nunoura et al., 2009) , and the SCS (Li et al., 2008a) . Nine clone sequences were grouped into the UCII-b and were related to one clone (GQ410944) retrieved from the tropical West Pacific sediments (99% similarity) (Hinrichs et al., 2003) .
The majority of the obtained euryarchaeaotal clone sequences affiliated with the Euryarchaeota phyla could be clustered into four groups: Marine Benthic Group (MBG)-D, South African Gold Mine Euryarchaeotic Group (SAGMEG), Halobacteria Group and Marine Benthic Group (MBG)-E. The clone sequences within the MBG-D were closely related to those from the marine sediments of the Okhotsk subseafloor, the tropical western Pacific, the SCS, and southern Okinawa trough (92e99% similarity) (Nunoura et al., 2010) . Thirty-nine clones were grouped into the SAGMEG and were related to those from marine sediments of the tropical West Pacific continental margin, the SCS, the Okhotsk coastal subseafloor, and the eastern Mediterranean deep-sea (Heijs et al., 2008) . A few (5.6%, 16 sequences) clones were affiliated with Halobacteria and were related to those retrieved from Arava Desert and sediments of Inner Mongolia salt lakes and Juan de Fuca segments. Eight clones formed the MBG-E and were related (99% similarity) to one clone (GU475201) retrieved from the sediment of the Dongsha area cold seep.
Discussions
Microbial community was compositionally different between sediments from the hydrate-containing and -free sites in the Shenhu area (Fig. 3) . MCG-like archaea and Deltaproteobacteria-like bacteria were dominant in hydrate-containing sites, whereas MBG-D-like archaea and Planctomycetes-like bacteria dominated in hydrate-free sites. Such difference could be ascribed to the presence/ absence of hydrates. Previous studies have shown that the presence/absence could affect microbial community composition in hydrate-related sediments (Reed et al., 2002; Inagaki et al., 2006; Yanagawa et al., 2013) . However, the dominant microbial groups in the hydrate-containing and -free sites in Shenhu area were different from other similar sites. Regarding bacteria, Deltaproteobacteria was dominant in hydrate-containing sediment in the present study. In contrast, Actinobacteria was dominant in hydrate-bearing deep marine sediments in a forearc basin of the Nankai Trough (Reed et al., 2002) ; uncultured JS1 and Planctomycetes were dominant in hydratecontaining sediments of Cascadia margin (Inagaki et al., 2006) ; Chloroflexi and Alphaproteobacteria were the dominant bacterial components in the gas hydrate-associated sediments of the eastern Japan Sea (Yanagawa et al., 2013) . In the present study, the dominant bacterial components in hydrate-free sediments were Planctomycetes, Chloroflexi, uncultured JS1, and Verrucomicrobia, some of which have been shown dominant in other hydrate-free sediments. For example, Chloroflexi was a dominant group at organic-rich and hydrate-free sites of the Peru margin and its abundance was higher in non-hydrate than in hydrate-containing sediments (Inagaki et al., 2006) (Fig. 4A) .
For archaea, the hydrate-containing sites were dominated by MCG. MBG-D, MGI, C3, and SEGMAG, in the present study, in contrast with previous studies, e.g., MBG-B was dominant archaeal component in hydrate-containing sediments of the Cascadia margin and the Preu margin (Inagaki et al., 2006) . In the present study, dominant archaeal components in hydrate-free sediments were MCG, MBG-D and MGI, in contrast with dominance of MCG and MGI in the hydrate-free, organic-poor sediments in the eastern equatorial Pacific (Inagaki et al., 2006) , with dominance of C3 and SAMGEG in the hydrate-free sediments in the Shenhu area (Li et al., 2008a; Jiao et al., 2011) , and with MBG-B dominance in hydrate-free sediments of the south slope of the SCS and the Qiongdongnan Basin (SCSQBSA) (Jiang et al., 2007) (Fig. 4B) .
The above observed inconsistency of dominant bacterial and archaeal groups in the present study and other related researches suggested that the factor controlling microbial distribution in hydrate-containing sediments might be determined only by the presence of hydrate presence or not. For example, the sediments of two hydrate-containing sites (within the Shenhu area) in the present study showed different microbial composition. So other geochemical parameters may also play key roles.
Statistical analysis suggested that some geochemical parameters may control different microbial groups. For example, sulfate concentration was significantly (p < 0.05) negative correlation with Alphaproteobacteria, Deltaproteobacteria, OP8 and MBG-B (p < 0.05); Chlorinity concentration was significantly (significance of <0.05) positively correlated with Deltaproteobacteria; and TOC content was significantly negative correlated with JS1, MBG-D, Halobacteria and MBG-E (p < 0.05) ( Table 2) .
Sequences of sulfate reducers within the Desulfococcus/Desulfosarcina group, which is a typical cluster of Deltaproteobacteria associated with AOM, were detected from several horizons of site 1230 (Inagaki et al., 2006) . Deltaproteobacteria relative concentration and sulfate concentration has been examined in this research, the data showed negative correlation between Deltaproteobacteria and sulfate concentration, indicating that the sulfate concentration may affect the distribution of Deltaproteobacteria (Fig. 5) .
Conclusions
In conclusion, the microbial communities showed difference between the hydrate-containing and -free sediments of the Shenhu area, in the South China Sea. In the hydrate-containing sediments, Deltaproteobacteria and MCG constitute the dominant bacteria and archaeal components, respectively; while Planctomycetes-like bacteria and MBG-D group-like archaea represent the dominant components in the hydrate-free sediments. The microbial distribution in the hydrate-containing and -free sediments of the present study was different from other similar hydrate-containing sediments elsewhere, suggesting that the bacterial and archaeal compositions in hydrate-containing and/or -free sediments may not be determined only by the presence/absence of hydrates but also by geochemical variables, which are different among various marine sediments worldwide. 
